A quaporins (AQPs) are ubiquitously expressed throughout the human body. AQP1 and AQP4 have an extremely regulated distribution in the central nervous system (CNS), where they play important roles in cerebrospinal fluid production and absorption and the regulation of blood-brain barrier water permeability. Recent studies have reported a relationship between astrocytoma malignancy and the abnormal expression of AQPs in the ABBREVIATIONS: AQPs, Aquaporins; CNS, central nervous system; CT, computed tomography; IR, immunoreactivity; PET, positron emission tomography; SUV, standardized uptake value; 3D, threedimensional CNS, particularly AQP1 and AQP4.
1,2 These water channel proteins are highly expressed in malignant astrocytomas, 3, 4 and a positive correlation is observed between their expression levels and histological tumor grade. 5, 6 Both AQPs have significant roles in mesenchymal microvascular proliferation and infiltrative growth. [6] [7] [8] [9] [10] Indeed, malignant astrocytoma is characterized by microvascular proliferation and diffuse, infiltrative growth, tumor characteristics that are believed to promote tumor progression and portend a poor prognosis. Therefore, the evaluation of both the AQPs' expression in malignant astrocytoma patients in vivo would lead to an early diagnosis of malignancy and an accurate evaluation of the extent of malignant tumor regions. However, real-time in vivo visualization of AQPs in brain tumor has not been reported previously.
TGN-020 is an AQP ligand that uniquely binds to AQP1 and AQP4. 11, 12 Its radioligand, [ 11 C]TGN-020, has previously successfully demonstrated the distribution of AQP in normal human brain using positron emission tomography (PET). 13 In this study, we evaluated the AQP1 and AQP4 distribution in astrocytoma patients using [ 11 C]TGN-020 PET imaging and, furthermore, considered the difference in ligand uptake between grade III and IV astrocytoma.
METHODS

Participants
Malignant astrocytoma patients were recruited between November 2012 and October 2015 in accordance with the human research guidelines of the local Internal Review Board. All patients underwent gross total resection surgeries within a week of PET imaging, and none were treated using steroids. Histopathologic tumor diagnosis was completed based on the surgical specimens. Of the 23 patients recruited into this study, 5 were excluded for other tumor diagnoses; 4 oligodendroglioma and 1 central neurocytoma. In addition, 3 diffuse astrocytoma (WHO grade II) patients were excluded from the statistical analysis due to the limited sample size. Finally, the remaining 15 high-grade astrocytoma patients (age 29-81 yr, 48.3 ± 14.5), grade III (4 males and 3 females) and grade IV (5 males and 3 females), and 10 healthy volunteers (age 24-85 yr, 46.2 ± 19.5, 6 males and 4 females) participated in this study and were included in all statistical analyses. Written informed consent was obtained from each participant prior to the PET study. Informed consent included the description and intended use of [
11 C]TGN-020, an unlabeled product. This trial was registered at the UMIN Clinical Trials Registry as UMIN000005626 (http://www.umin.ac.jp/ctr/index.htm).
[
C]TGN-020 Synthesis
The radioligand, [ 11 C]TGN-020, was prepared using a TRACERlab FX C Versatile Automated Synthesizer (GE Healthcare, Schenectady, New York) as previously detailed. 13, 14 Quality control measurements on all solutions for human injection consisted of pH, chemical purity, radiochemical purity, and endotoxin tests. All [ 11 C]TGN-020 samples used in this study had chemical and radiochemical purities > 95%, with radiochemical yields between 400 and 600 MBq.
PET Images
The [
11 C]TGN-020 PET/computed tomography (CT) scan was acquired using a combination PET/CT scanner (Discovery ST Elite, GE Healthcare). Low-dose CT scans were performed in helical mode with 120 kVp, 50 mA, helical thickness of 3.75 mm, and 15 cm field of view positioned in the region of the cerebrum. [ 11 C]TGN-020 (160-272 MBq, 2.2-4.2 MBq/kg body weight) was administered intravenously in 2 min by syringe pump (PHD2000, Harvard, Cambridge, Massachusetts). PET emission data were acquired over 30 min in 3-dimensional (3D) statistic mode, from 10 min after the administration of [
11 C]TGN-020, with a 25.6 cm axial field of view. The emission scans were reconstructed with a 128× 128× 47 matrix (a voxel size of 2.0× 2.0× 3.27 mm) using a 3D ordered subset expectation maximization iterative reconstruction algorithm (2 iterations and 28 subsets) after attenuation correction using the CT data. All PET images were transferred to a workstation Xeleris 3.1 (GE Healthcare) for analysis. Tissue activity concentration was expressed as the standardized uptake value (SUV), g/ml, corrected for subject's body weight and administrated dose of radioactivity.
Statistical Analysis
Three investigators, including a board-certified neuroradiologist and a board-certified neurosurgeon, drew the regions of interest (ROIs) using Volumetrix MI on a workstation Xeleris 3.1, in reference to tumor regions in the magnetic resonance imaging (MRI) images. We set an SUV 0.3 or more as the tumor-positive regions in the software. Comparison of mean SUVs between parietal white matter in normal volunteers and grade III and grade IV astrocytoma in patients, respectively, was performed using the Mann-Whitney U-test (2-tailed). P values of .01 or lower were considered to be statistically significant. Analyses were performed using IBM SPSS Statistics 22.0 (IBM Corporation, Armonk, New York). P values were corrected for multiple comparisons by Bonferroni method.
Histopathologic Tumor Grading and Immunohistochemistry
Surgical specimens taken from patients were fixed in 20% formalin, phosphate buffered. Tumor grading was assessed by histopathological examination of surgical tissue according to the WHO classification standard for diffuse astrocytoma grade III and grade IV. Immunohistochemistry was performed on paraffin-embedded, 4 μm thick sections with primary antibodies against AQP1 (monoclonal; ab168387, Abcam, Cambridge, United Kingdom) and AQP4 (polyclonal; gift from Dr Kenji Sakimura 15 ). Reactivity was visualized using the avidin-biotinperoxidase complex method (Vector, California). Diaminobenzidine was used as the chromogen. Immunoreactivity (IR) of both AQP1 and AQP4 in tumorous region were assessed semiquantitatively and scored on a 3-point scale (immunoreactivity score: 1, weak; 2, moderate; 3, intense). The 3-point scale assessments were performed by 2 neuropathologists. The scores were analyzed using the Mann-Whitney U-test (2-tailed), and P values of .05 or lower were considered to be statistically significant.
RESULTS
T2-weighted MRI and [
11 C]TGN-020 PET images are shown in Figure 1 . Scale bars (right side) indicate corresponding SUV (g/ml). Astrocytoma grades III and IV showed more intense qualitative intratumoral [ 11 C]TGN-020 uptake compared to normal white matter area. Furthermore, [
11 C]TGN-020 uptake in astrocytoma grade IV was more intense than in grade III.
Mean SUVs for normal volunteer white matter and astrocytoma grades III and IV are presented quantitatively in Figure 2 . Mean SUVs of astrocytoma grades III and IV (0.51 ± 0.11 and 1.50 ± 0.44, respectively) were higher than that of normal white matter (0.17 ± 0.02, P < .001) for both tumor grades. Importantly, mean SUVs of astrocytoma grade IV were significantly higher than those of grade III (P < .01).
Immunohistochemical expression of AQP1 and AQP4 was detected in all surgical specimens taken from patients with WHO astrocytoma classification grade III (n = 7) and grade IV (n = 8). AQP1 IR was observed in the cytoplasm and proximal processes of the tumor cells, whereas AQP4 IR was more conspicuous in cell processes and endfeet attaching to blood vessels. Semiquantified
FIGURE 1. T2-weighted MRI and [ 11 C]TGN-020 PET images. T2-weighted MRI (left) and [ 11 C]TGN-020 PET (right) images of astrocytoma grade III (top) and grade IV (bottom) are shown. The scale bar indicating SUV (g/ml) is shown to the right of the corresponding PET image.
FIGURE 2. Individual and mean SUV and standard deviation are shown for each patient group. Individual (solid circles) and mean (open circles) SUV and standard deviation for [ 11 C]TGN-020 uptake in white matter of normal volunteers (N, blue) and astrocytoma grade III (III, green) and grade IV (IV, red) patients. P values from the Mann-Whitney U-test (2-tailed) are shown above the respective figure entries.
IR-scores of both AQP1 and AQP4, which were assessed on a 3-point scale (IR-score: 1, weak; 2, moderate; 3, intense), showed significant increases in grade IV compared to grade III (AQP1: 1.7 ± 0.49 vs 2.6 ± 0.53, AQP4: 1.9 ± 0.69 vs 2.9 ± 0.38, grade III vs grade IV, P < .05, respectively; Figure 3 ).
DISCUSSION
AQP1 is highly expressed along the vascular lumen in peripheral tissues. In the CNS, however, vascular AQP1 expression is completely suppressed. The normal distribution of AQP1 in the CNS is instead limited to choroid plexus epithelial cells. 1 Moreover, there is virtually no expression of AQP1 in healthy astrocytes. By contrast, AQP4 is widely expressed throughout the CNS, primarily along astrocyte endfeet membranes contacting the basal lamina surrounding capillaries and dura, as well as, secondarily, along the processes of astrocyte endfeet. 2 In malignant astrocytoma grades III and IV, active suppression of vascular AQP1 is lost, leading to significant AQP1 expression in proliferating microvessels and clinically correlating to loss of blood-brain barrier integrity. Studies have shown that AQP1 expression in vessels enhance tumor cell migration. 6, 7 Indeed, a significant reduction in tumor growth and angiogenesis are found in AQP1-deficient mice. 16 Increased AQP4 expression is also evident in astrocytoma cells, particularly when there is microvascular proliferation. Unlike normal AQP4 distribution on endfeet membranes contacting the basal lamina, astrocytoma AQP4 distribution is more uniform along endfeet membranes that are not in contact with the basal lamina. 17 This altered AQP4 expression pattern appears to correlate with infiltration of tumor cells into surrounding healthy tissue. [8] [9] [10] Alterations in AQP1 and AQP4 expression in malignant astrocytoma thus correlate with malignant properties, ie, tumor cell infiltration and angiogenesis. The latter is thought to be the result of epithelial-mesenchymal transition, histopathologically recognized as mesenchymal microvascular proliferation. 18, 19, 20 The current study demonstrated that astrocytoma grades III and IV had significantly higher uptake of the aquaporin PET ligand [
11 C]TGN-020 relative to normal white matter, though the results are preliminary due to the small sample size. Importantly, uptake increase was proportional to tumor grade, clearly differentiating the 2 tumor grades. Immunohistochemical studies confirmed that astrocytoma grades III and IV were associated with a dramatic increase in AQP1 and AQP4 expression and distribution compared to normal tissue.
Clinically, the term malignant astrocytoma refers to highly aggressive tumor characterized by infiltration and mesenchymal microvasculature proliferation. Although most common malignant astrocytoma is glioblastoma multiforme (WHO grade IV), anaplastic astrocytoma (WHO grade III) may also be included. The results of this study demonstrated a clear distinction between the 2 grades of malignant astrocytoma. However, it remains impossible to identify a clear grade III-IV cutoff value due to the small samples.
The study provides support for aquaporin PET as a noninvasive tool in differentiating between astrocytoma grade III and grade IV. However, as a matter of course, replication of this study involving a larger number of patients will be necessary to determine to what extent aquaporin PET can differentiate between astrocytoma grade III and IV. Furthermore, 3 astrocytoma grade II patients participated in this study but were excluded from the statistical analysis due to the limited sample size. However, the mean SUV of astrocytoma grade II (0.30 ± 0.02) was lower than that of other malignant astrocytomas but did not reach statistical significance, in part due to the small sample size. We understand the method for distinguishing low-and high-grade astrocytomas would be useful clinically. The median survival period for the most common malignant astrocytoma, glioblastoma multiforme, is less than 15 mo from diagnosis. 20 A reliable clinical diagnostic method that can provide information regarding tumor grade and extent of infiltration should translate to early treatment and surgical planning of patients. It is suggested that [
11 C]TGN-020 PET would be regarded as one of the methods.
In addition to distinguishing between astrocytoma grades III and IV, the present PET study also suggests a therapeutic potential for AQP1 and AQP4 inhibitors in the treatment of astrocytoma grades III and IV. Given that proliferation, migration, and infiltration are major biological properties of malignant brain tumors and involve abnormal AQP distribution, AQP1 and AQP4 are considered potential drug targets for oncotherapy. 12, 21 Increased uptake of [
11 C]TGN-020 in astrocytoma grades III and IV relative to surrounding healthy tissue may also suggest that selective AQP inhibitors will be helpful in arresting tumor growth and infiltration without damaging healthy tissue. Accordingly, we anticipate that further studies involving AQP imaging agents and inhibitors would lead to the development of new therapeutic approaches.
CONCLUSION
Our study demonstrated that [
11 C]TGN-020 aquaporin PET imaging differentiates between astrocytoma grades III and IV noninvasively. Its clinical application could help advance the management of these malignant brain tumors.
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